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Human adipose-tissue-derived stromal cells (hADSCs) are abundant in adipose tissue and can 
differentiate into multi-lineage cell types, induding adipocjrtes, osteoblasts, and chondrocjrtes. In order 
to define the optimal harvest site of adipose tissue harvest site, we solated hADSCs from different 
subcutaneous sites (upper abdomen, lower abdomen, and thigh) and compared their proliferation and 
potential to differentiate into adipocytes and osteoblasts. In addition, this study examined the effect 
of phorbol 12-myristate 13-acetate (PMA), a protein kinase C (PKC) activator, on proliferation and 
differentiation of hADSCs to adipocytes or osteoblasts. hADSCs isolated from different subcutaneous 
depots have a similar growth rate. Fluorescence-activated cell sorting (FACS) analysis showed that 
the expression levels of CD73 and CD90 were similar between hADSCs from abdomen and thigh re- 
gions. However, the expression of CD105 was lower in hADSCs from the thigh than in those from 
the abdomen. Although the adipogenic differentiation potential of hADSCs from both tissue regions 
was similar, the osteogenic differentiation potential of hADSCs from the thigh was greater than that 
of hADSCs from the abdomen. Phorbol 12-myristate 13-acetate (PMA) treatment increased osteogenic 
differentiation and suppressed adipogenic differentiation of all hADSCs without affecting their growth 
rate and the treatment of Go6983, a general inhibitor of protein kinase C (PKC) blocked the PMA 
effect. These findings indicate that the thigh region might be a suitable source of hADSCs for bone 
regeneration and that the PKC signaling pathway may be involved in the adipogenic and osteogenic 
differentiation of hADSCs. 
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INTRODUCTION 

Multiple cell sources have been studied for repair and 
regeneration of defective tissues and organs. Mesenchymal 
stem cells (MSCs) can be obtained from the adult organism 

and have multi-lineage differentiation potential [1]. In the 
past decade, many clinical and pre-clinical studies have 
shown that bone- marrow- derived MSCs can be successfully 
used for the treatment of various diseases and disorders 
[2-4]. In addition to bone marrow, adipose tissue [5] is easily 
accessible, abundant, and a readdy available source of MSCs. 
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Recent studies have shown that human adipose-tissue-de- 
rived stromal cells (hADSCs) can differentiate into mesen- 
chymal and non-mesenchymal cell types, including adipo- 
cytes, osteoblasts, chondrocjrtes, muscles, neurons, hep- 
atocytes, hematopoietic cells, and endothelial cells [6]. 
These favorable characteristics make human adipose tissue 
a promising alternative source of MSCs for regenerative 
medicine. 

The majority of research using hADSCs has been per- 
formed using subcutaneous adipose tissue collected during 
cosmetic liposuction procedures. These analyses have tend- 
ed to consider subcutaneous adipose tissue as a homoge- 
neous entity despite evidence of heterogeneity in the biol- 
ogy of different subcutaneous adipose tissue depots in terms 
of fatty acid content [7], blood vessel density [8], and insulin 
sensitivity [9]. Moreover, the previous reports have shown 
differences between depots in adipogenic and osteogenic lin- 
eage potential [10] as well as apoptosis resistance and per- 
oxisome proliferator activated receptor- / expression [11]. 



ABBREVIATIONS: hADSCs, human adipose-tissue-derived stromal 
cells; MSCs, mesenchymal stem cells; PMA, phorbol 12-myristate 
13-acetate; PKC, protein kinase C; FACS, fluorescence-activated cell 
sorting. 
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Protein kinase C (PKC) has important roles in many 
physiological functions, including cell metabolism, pro- 
liferation, differentiation, cell migration, and apoptosis 
[12-15]. However, the role of PKC in osteogenic differ- 
entiation is still controversial. Activation of PKC- a has 
been shown to suppress osteogenic differentiation of mouse 
preosteoblastic MC3T3-E1 cells [16]. On the other hand, fi- 
broblast growth factor receptor 2 (FGFR2) has been shown 
to increase osteoblast differentiation of C3H10T1/2 cells 
through the activation of extracellular regulated kinase 
(ERK) and PKC- [17]. Liu et al. [18] reported that in- 
hibition of the conventional PKCs/PKC- i-t and activation 
of PKC- 8 increased osteogenic differentiation of human 
bone-marrow-derived MSCs. In addition, the role of PKC 
in the differentiation of hADSCs has not yet been studied. 

In this study, we isolated hADSCs from three different 
adipose tissue depots (upper abdomen, lower abdomen, and 
thigh) to evaluate their characteristics and determine whe- 
ther they differ in their potential to differentiate into adipo- 
cytes or osteoblasts. We characterized hADSCs derived 
from these tissues by flow cytometry using standard cell 
surface markers and analyzed adipogenic and osteogenic 
differentiation. We also examined the effect of Phorbol 
12-myristate 13-acetate (PMA), a PKC activator, on the dif- 
ferentiation of hADSCs into adipocytes or osteoc3?tes. 



METHODS 

Isolation and culture of hADSCs from different adipose 
depots 

Lipoaspirates were obtained from the upper abdomen, 
lower abdomen, and thigh from nine female donors under- 
going elective liposuction surgery. Their mean age was 45 
years ranged from 33 to 65 years. The isolation of hADSCs 
was performed as previously described with modification 
[19]. Briefly, under sterile conditions, lipoaspirated tissues 
were immediately placed in Dulbecco's modified Eagle's me- 
dium (DMEM) supplemented with 200 mg/mL streptomycin 
and 200 U/mL penicillin, were washed in PBS, and then 
digested with 0.075% collagenase type I in PBS for 1 h at 
37°C in a shaking incubator. The pellet was collected by 
centrifugation at 400 g for 10 min and then treated with 
red blood cell lysis buffer (155 mM NH4CI, 10 mM KHCO3, 
and 0.1 mM EDTA) for 10 min at room temperature. After 
centrifugation, the cellular pellet was filtered through a 40- 
U m mesh filter to remove debris. The filtrate was centri- 
fuged and the stromal vascular fraction (SVF) obtained was 
plated onto cell culture dishes in complete culture medium 
(DMEM containing 10% fetal bovine serum (FBS), 100 
mg/mL streptomycin, 100 U/mL penicillin, 2 mM L-gluta- 
mine, 1 mg/mL amphotericin-B). Cells were cultured at 
37°C in a humidified atmosphere with 5% CO2. After 24 
h, non-adherent cells were removed and adherent cells were 
washed twice with PBS. Confluent cells were trypsinized 
and expanded in culture dishes (passage 1, PI). Culture 
passages P4-P6 were used in all experiments. Each experi- 
ment was performed at least three times. 

Flow cytometry 

A total of 500,000 cells/sample were centrifuged at 1,000 
g for 1 min at 4°C, re-suspended in 75 a< L of fluorescence- 
activated cell sorting (FACS) buffer (2% FBS in PBS) and 



incubated on ice for 10 min. Cells were immunolabeled with 

13 /ig//iL of primary antibody (CD31, CD34, CD45, CD73, 
CD90, or CD 105; MilHpore) for 30 min at 4°C with rotation, 
followed by centrifugation and three washes with FACS 
buffer. Secondary antibody (fluorescein isothiocyanate (FITC) 
anti-mouse; Molecular Probes) was added at a dilution of 
1:400 and incubated at 4°C for 30 min. After washing, the 
resulting pellet was re-suspended in PBS and filtered 
through a 35- ij. m nylon mesh to remove aggregated cells. 
Cell suspensions were kept on ice until cjrtometric analysis 
was performed using a FC500 flow c3rtometer (Beckman 
Coulter, Brea, CA, USA). 

Proliferation assays 

The proliferation of the hADSCs was assessed for 14 days 
using the CellTiter 96 Aqueous non-radioactive cell pro- 
liferation assay (Promega, Madison, WI, USA). hADSCs 
were plated using either control growth medium (CGM) 
alone, adipogenic induction medium (AIM) or osteogenic in- 
duction medium (OIM) without or with 10 nM PMA (Sigma, 
St. Louis, MO, USA). PMA was dissolved in dimethyl sulf- 
oxide (DMSO) and were diluted at a final concentration of 
10 nM with DMEM. DMSO with 0.01% (v/v) was used as 
a negative control. 

At the time of seeding, the signal was assessed for all 
sources and normalized. At regular intervals (4, 7, 10, and 

14 days), 20 L of CellTiter 96 Aqueous Assay Reagents 
(Promega) were added and incubated for 4 h at 37°C and 
5% CO2. The absorbance was recorded at 490 nm using a 
spectrophotometric plate reader and measurements were 
calculated by subtracting the average control absorbance 
(medium only) from the average cell absorbance. 

Induction of osteogenic and adipogenic differentiation 

hADSCs were grown to approximately 90% confluence 
and osteogenic differentiation was induced for 21 days in 
OIM (10% fetal bovine serum, 1% penicillin/streptomycin, 
100 nM dexamethasone [Sigma-Aldrich, St. Louis, MO, 
USA], 50 /^M ascorbic-2-phosphate [Sigma-Aldrich] and 10 
mM /3 - glycerophosphate [Sigma-Aldrich] in low glucose 
DMEM) with or without 10 nM PMA and evaluated for ex- 
tracellular matrix calcification by staining with 2% Alizarin 
Red S (Sigma-Aldrich). Whole field images of 6-weII culture 
plates were captured with a digital camera. For quantifica- 
tion, the stained dye was eluted with 10% acetic acid and 
20% methanol in distilled water; the absorbance of super- 
natants was measured at 450 nm using a Multiskan EC 
reader (Thermo scientific, Shanghai, China) and compared 
between OIM with and OIM without 10 nM PMA. 

For the induction of adipogenic differentiation, cells of 
90% confluence were cultured in AIM (10% FBS, 1% pen- 
icillin/streptomycin, 1 ijlM. dexamethasone, 0.5 mM 3-iso- 
butyl-l-methylxanthine [Sigma-Aldrich], insulin [Invitro- 
gen, Carlsbad, CA, USA] 10 //g/mL and uM. indome- 
thacin [Sigma-Aldrich] in low glucose DMEM) with or with- 
out 10 nM PMA for 14 days. Lipid droplets within differ- 
entiated adipocytes from hADSCs were observed using 
modified Oil Red O staining. Whole field light microscopy 
images were captured at lOx magnification. For quantifica- 
tion, the stained dye was eluted in 2-propanol; the absorb- 
ance of supernatants was measured at 500 nm using a 
Multiskan FC reader and compared between cells grown 
in AIM alone or AIM supplemented with 10 nM PMA. 
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Table 1. Primers used for real-time PGR amplification 



Species 


Gene 


Sense 


Anti-sense 


Human 


RUNX2 
ALP 
PPAR- 7 
aP2 

GAPDH 


ACTGGCGCTGCAACAAGA 

CCATTCCCACGTCTTCACATT 

GAACAGATCCAGTGGCAGAT 

AGCACCATAACCTTAGATGGGG 

ATGGAAATCCCATCACCATCTT 


TCATCGTTACCCGCCATG 

AGTGAAGGGCTTCTTGTCTGTGT 

TGAGGGAGTTGGAAGGCTCTT 

CGTGGAAGTGACGCCTTTCA 

CGCCCCACTTGATTTTGG 


Real-time PCR 




A 





CD90 CD105 CD31/CD34/CD45 



hADSCs were cultured for 7 days in CGM, DIM, and AIM 
with or without 10 nM PMA. Total RNA was collected using 
the initial steps of the TRIzol protocol (Invitrogen). After 
collecting the aqueous supernatant, the RNeasy column 
coupled with DNase set-based (Qiagen) protocol was 
followed. Reverse transcription was performed using 2 fig 
total RNA, 25 ug/mL oligo (dT)i2-is primers, and 200 units 
of Superscript II reverse transcriptase (Invitrogen). For re- 
al-time PCR, 5 ng cDNA was amplified using SYBR Green 
PCR Master Mix (Apphed Biosystems) and 0.33 jiM each 
of forward and reverse primers on the ABI PRISM 7700 
sequence detector system (Applied Biosystems). Primers for 
quantitative PCR were designed using the Primer Express 
software (Applied Biosystems) and synthesized at Cosmo 
Biotec (Korea). Analysis was performed using software 
(SDS version 2.1; Applied Biosystems) according to the 
manufacturer's instructions. Samples were normalized us- 
ing the housekeeping gene GAPDH. Primers used for re- 
al-time PCR amplification are listed in Table 1. All samples 
were tested in triplicate, and mean values were used for 
quantif ic ation . 

Statistical analysis 

Data were presented as mean±standard deviation (SD). 
The Student's t-test was used to compare between two 
groups. One-way ANOVA analysis of variance was used to 
compare three groups. Differences with a p-value of <0.05 
were considered statistically significant. 



RESULTS 

Immunophenotypic characterization of cultured hADSCs 
from different adipose tissue depots 



' 7 





CD73 



CD90 CD105 



Fig. 1. Immunophenotypical characterization of ADSCs isolated 
from different subcutaneous tissues (UA, LA and T). (A) FACS 
analysis revealed positive for CD73, CD90 and CD105 and negative 
for CD31, CD34 and CD45. Back and red histograms represent con- 
trol and specific antibody staining, respectively. (B) Histogram of 
CD73, CD90 and CD105 positive population in ADSCs isolated 
from different subcutaneous tissues (UA, LA and T). Data are 
expressed as mean±SD (n=3). *p<0.05. 



Cultured hADSCs from upper abdomen, lower abdomen, 
and thigh regions were immunophenotypically charac- 
terized by FACS analysis. Subconfluent cultures of hADSCs 
(P4) were analyzed for CD73, CD90, CD105 (a surface 
marker of MSCs), CD31, CD34, and CD45 expression (a 
negative marker of endothelial and hematopoietic cells). 
The hADSCs obtained from three different regions were 
negative for the expression of CD31, CD34, and CD45 (Fig. 
lA). The percentage of hADSCs expressing CD73 and CD90 
was found to be similar among all hADSC sources. CD105 
expression in hADSCs from the thigh region was sig- 
nificantly lower than that in hADSCs from upper and lower 
abdominal regions (Fig. IB). 



Growth kinetics of hADSCs from different adipose 
tissue depots 

To compare the growth of hADSCs obtained from differ- 
ent regions, the proliferation rate was assessed over 14 
days using the CellTiter 96 Aqueous non-radioactive cell 
proliferation assay kit (Promega) in CGM, AIM, or OIM. 
The growth rate of hADSCs was increased in OIM, but de- 
creased in AIM compared to the control group, CGM, al- 
though it has no significant difference according to tissue 
procurement sites (Fig. 2). The effect of PMA on the pro- 
liferation of hADSCs was determined in CGM, AIM, and 
OIM. Treatment of PMA also did not affect the proliferation 
rate, regardless of cell sources (Fig. 2). 
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Fig. 2. Proliferation rate of hADSCs from different subcutaneous 
tissues. Cells were cultured in CGM)with or without 10 nM PMA, 
AIM with or without 10 nM PMA, and OIM with or without 10 
nM PMA. Cell proliferation was evaluated on days 4, 7, 10, and 
14 of culture. Data are indicated as the mean±SD (n=7). °'''p<0.05, 
significantly different from the CGM. 



Osteogenic differentiation of hADSCs from different 
adipose tissue depots 

To investigate the multipotentiality of hADSCs isolated 
from different subcutaneous regions, the osteogenic or adi- 
pogenic differentiation of P4-P6 hADSCs was induced. In 
OIM, cells proliferated rapidly, aggregated, and formed 
tightly packed colonies, with calcium deposition detected by 
Alizarin Red S staining over 3 weeks (Fig. 3A). Quantita- 
tive analysis of calcium deposition between hADSCs cul- 
tured in OIM versus CGM showed a five-fold increase in 
calcium deposition in hADSCs from thigh region compared 
with those from abdominal regions (Fig. SB). 

We determined the expression of osteogenesis-related 
genes in hADSCs from different adipose tissue depots. The 
expression level of ALP in undifferentiated hADSCs from 
the thigh region was significantly higher than that of un- 
differentiated hADSCs from abdominal regions. The ex- 




40 
30 

ii> 

S 20 
o 

2 10 



OIM OIM + InM OIM + OIM + 

PMA lOnM PMA lOOnM PMA 



B 



CGM 



UA 



LA 



0.08 



1 0.06 



< 0.04 



0.02 




ALP 



I 



— — i " 




RUNX2 



0.05 



0.04 



0.03 



0.02 



0.01 



— i — ^^T — 

4m 



UA 



LA 



UA 



LA 



Fig. 3. Osteogenic differentiation of hADSCs from 
different subcutaneous tissues. (A) Effect of PMA on 
osteogenic differentiation of hADSCs from LA. 
hADSCs were cultured in CGM or OIM with or 
without PMA (1, 10 and 100 nM) for 14 days and 
then stained with Alizarin red S. Quantitative data 
were obtained from destained Alizarin red S absor- 
bance. Data are indicated as the mean±SD (n=3). *p 
<0.05, significantly different from OIM. (B) hADSCs 
from the UA, LA, and T regions were cultured in 
CGM or OIM with or without 10 nM PMA for 14 days 
and then stained with Alizarin red S. (C) Quan- 
titative data obtained from destained Alizarin red S 
absorbance. (D) Quantitative analysis of the ex- 
pression of osteogenesis-related genes. hADSCs from 
UA, LA, and T regions were treated with CGM or 
OIM with or without 10 nM PMA for 7 days. Total 
RNA was extracted and the expression levels of ALP 
and RUNX2 were analyzed by real-time PGR. White, 
black, and grey bars represent CGM, OIM, and OIM 
with 10 nM PMA, respectively. Data are expressed 
as meaniSD (n=9). *p<0.05. 
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pression level of RUNX2 in undifferentiated hADSCs was 
no different among sources. The expression levels of ALP 
and RUNX2 increased according to osteogenic differentia- 
tion in hADSCs from different depots (Fig. 3C). 

Adipogenic differentiation of hADSCs from different 
adipose tissue depots 

When cultured in AIM, a predominance of lipid-droplet 
formation was observed for all hADSCs by Oil Red O stain- 
ing (Fig. 4A). Quantitative analysis of lipid-droplet for- 
mation between hADSCs cultured in AIM versus COM re- 
vealed that there was no significant difference among 
hADSCs from different regions (Fig. 4B). 

The expression levels of AP2 and PPAR- 7 genes (marker 
genes for adipogenic differentiation) were examined using 
real-time PCR. Expressions of both genes were significantly 
increased in AIM compared to the COM. However, ex- 
pression of these genes had no significant difference among 
different depots in both CGM and AIM (Fig. 4C). 



Effects of PMA on differentiation of hADSCs 

To investigate whether adipogenic or osteogenic differ- 
entiation of hADSCs is affected by PKC signaling, we treat- 
ed hADSCs with PMA for 14 days in AIM or OIM. To de- 
termine the optimal concentration of PMA, we determined 
the effect of various concentrations of PMA on osteogenic 
differentiation of hADSCs that were isolated from lower 
abdomen. The treatment of PMA increased osteogenic dif- 
ferentiation of hADSCs and 10 nM PMA showed the max- 
imal effect (Fig. 3A). Therefore, we used 10 nM PMA in 
the following experiments. Activation of PKC resulted in 
stimulation of osteogenic differentiation of hADSCs (Fig. 3A 
and B) and inhibition of adipogenic differentiation of 
hADSCs (Fig. 4A and B). 

The effect of PMA on expression of adipogenesis-related 
and osteogenesis-related genes was examined using re- 
al-time PCR. Both ALP and RUNX2 genes were highly ex- 
pressed in hADSCs cultured in OIM compared to CGM. In 
addition, the expression levels of these genes were in- 
creased by PMA treatment in all hADSCs from different 




B 




Fig. 4. Adipogenic differentiation of hADSCs from 
different subcutaneous tissues. (A) hADSCs from 
UA, LA, and T regions were cultured in control 
growth medium (CGM) or adipogenic induction me- 
dium (AIM) with or without 10 nM phorbol 12- 
myristate 13- acetate (PMA) for 14 days then stained 
with Oil Red 0. (B) Quantitative data obtained from 
hpid droplets. (C) Quantitative analysis of the ex- 
pression of adipogenesis-related genes. hADSCs from 
UA, LA and T regions were treated with CGM or 
AIM with or without 10 nM PMA for 7 days. Total 
RNA was extracted and the expression of PPARG 
and AP2 was analyzed by real-time PCR. White, 
black, and grey bars represent CGM, AIM, and AIM 
with 10 nM PMA, respectively. Data are expressed 
as meaniSD (n=9). *p<0.05. 
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Fig. 5. The effect of PKC inhibitor, 
Go6983, on osteogenesis and adipoge- 
nesis of hADSCs by PMA. After pre- 
treatment of hADSCs from thigh re- 
gions with Go6983 for 1 hour, cells 
were cultured in the OIM or AIM 
with or without 10 nM PMA. After 7 
days of culture, total RNA was ex- 
tracted and the expression levels of 
ALP, RUNX2 (A), PPAR and aP2 (B) 
were analyzed by real-time PGR. 
After 3 weeks of culture, the cells 
were stained with Alizarin red S stai- 
ning for osteogenic differentiation (C) 
and Oil-red 0 staining for adipogenic 
differentiation (D). The degree of Ali- 
zarin red S for quantification of mine- 
ral deposition and Oil-Red 0 for 
quantification of lipid were measured 
at 450 nm and 500 nm with a 96-well 
plate reader, respectively. Data are 
expressed as meaniSD (n=6). a) 
CGM, b) OIM, c) OIM+PMA, d) OIM-H 
PMA-hGo6983, e) CGM, f) AIM, g) 
AIM-fPMA, and h) AIM+PMA+Go6983. 
*p<0.05 and **p<0.01. 



depots. However, the expression levels of these genes after 
PMA treatment had no significant difference among differ- 
ent depots (Fig. 3C). On the other hand, the expressions 
of AP2 and PPARG in AIM were significantly increased 
compared those in CGM, but their expressions were down- 
regulated by PMA treatment in all hADSCs from different 
depots (Fig. 4C). There was no significant difference in the 
magnitude of expression change induced by PMA treatment 
among hADSCs from upper abdomen, lower abdomen, and 
thigh regions. 

We then examined the effect of PKC inhibitor on PMA-in- 
duced changes in osteogenesis and adipogenesis of hADSCs. 



Go6983, a general PKC inhibitor [20], was added before one 
hour adding PMA in OIM or AIM culture of hADSCs from 
thigh regions. Pretreatment with Go6983 inhibited PMA- 
induced increase in ALP and RUNX2 expression and the 
alizarin red S staining (Fig. 5A, 5C). Go6983 pretreatment 
significantly increased the reduced AP2 and PPARG ex- 
pression and the oil-red O staining induced by PMA (Fig. 
5B, 5D). 
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DISCUSSION 

In this study, we have investigated whether proliferation 
and differentiation of cultured hADSCs are affected by the 
region of adipose tissue procurement (upper abdomen, low- 
er abdomen, or thigh). The growth rate of cultured hADSCs 
in CGM was similar, irrespective of the tissue procurement 
site. Although OIM and AIM affected hADSC proliferation, 
their effects were similar among hADSCs from all three 
sources. These findings indicate that hADSC growth rate 
does not vary according to the source of subcutaneous 
tissue. 

Flow cytometric analysis showed that the proportion of 
hADSCs expressing CD73 and CD90 was similar among 
hADSCs from all regions, whereas the proportion of CD105- 
positive hADSCs from the thigh region was lower than that 
of hADSCs from the upper abdomen and lower abdomen. 
hADSCs from all regions had similar adipogenic differ- 
entiation potential, but osteogenic differentiation potential 
was significantly different between hADSCs from the ab- 
dominal and thigh regions. This finding is consistent with 
the results of a previous study [20]. Levi et al. [10] showed 
that FACS-sorted CDIOS'™ hADSCs had better in vitro os- 
teogenic differentiation potential and in vivo bone re- 
generation than either CDIOS*"^ or unsorted cells through re- 
duction of TGF- (3 1 signaling. 

ALP and RUNX2 are expressed during osteogenic differ- 
entiation and are the most widely recognized markers of 
osteogenic differentiation [20-22]. In this study, the ex- 
pression levels of ALP and RUNX2 were increased during 
osteogenic differentiation in all hADSCs. The expression 
level of ALP in un-differentiated hADSCs from the thigh 
region was significantly higher than that in hADSCs from 
abdominal regions. Thus, the superiority of osteogenic dif- 
ferentiation in hADSCs from the thigh region may be re- 
lated to the lower level of CD105 expression and higher 
level of ALP expression. 

In this study, we found that 10 nM PMA treatment in- 
creased the osteogenic differentiation of hADSCs and sig- 
nificantly suppressed the formation of oil droplets and ex- 
pression levels of PPARG and AP2 mRNA; the effects of 
PMA did not show any regional variation. These effects 
were completely blocked by the treatment with the PKC 
inhibitor Go6983, which inhibits all PKC isoforms [23], in- 
dicating that the effect of PMA on adipogenesis and osteo- 
genesis is mediated by the activation of PKC pathways. 

The effect of PKC on osteogenic and adipogenic differenti- 
ation of MSCs is still controversial. Nakura et al. showed 
that PKC- a suppressed osteogenic differentiation of mouse 
preosteoblastic MC3T3-E1 cells [16]. By contrast, Liang et 
al. reported that PMA increased osteogenic differentiation 
of mouse osteoblasts MC3T3-E1 [24], and Richardson et al. 
[25] showed that oxysterol-induced osteoblastic differenti- 
ation in M2-10B4 MSCs and C3H10T1/2 embryonic fibro- 
blastic cells was inhibited by PKC inhibitors. The PKC fam- 
ily comprises at least 11 serine/threonine kinases. PKC iso- 
forms can be classified into three classes: classical, novel, 
and atypical [26,27]. Classical (a, /? and 7) and novel 
PKCs ((? , E , V , S and 11) rely on phospholipids for activa- 
tion, whereas atypical PKCs ( ? , c , and /I ) do not require 
these lipids. Several studies have indicated that cellular re- 
sponse to PKC activation varies according to PKC isoforms. 
Artemenko et al. [28] reported that the anti-adipogenic ef- 
fect of PDGF is mediated by the activation of PKC- a in 
murine 3T3-L1 preadipocyte and human preadipocytes. 



Webb et al. [27] showed that Protein kinase C- e promotes 
adipogenic commitment and is essential for terminal differ- 
entiation of 3T3-F442A preadipocytes. Zhou et al. [29] re- 
ported that PKC- /S is important for the induction of adipo- 
genesis, while PKC- S has an inhibitory role in adipo- 
genesis in 3T3- LI preadipocytes. In human MSCs, activa- 
tion of the conventional PKCs/PKC- n inhibited osteogenic 
differentiation, and activation of PKC- S promoted osteo- 
genic differentiation of human bone marrow derived MSCs 
in vitro [30]. Thus, the differences in PKC-induced action 
on the osteogenic and adipogenic differentiation of hADSCs 
observed in other studies might be related to the different 
levels of PKC isoforms. 

In conclusion, our finding that the osteogenic potential 
of hADSCs from the thigh region is significantly greater 
than that of hADSCs from the upper abdomen and lower 
abdomen indicates that the thigh region might be a suitable 
source of hADSCs for bone regenerative medicine applica- 
tions. In addition, PMA increases osteogenic differentiation 
potential and suppresses adipogenic differentiation, sug- 
gesting that the PKC signaling pathway might be involved 
in the adipogenic and osteogenic differentiation of hADSCs. 
Further studies on the regulatory mechanism of PKC could 
provide important insight regarding the control of differ- 
entiation of hADSCs. 



ACKNOWLEDGMENTS 

This work was supported by a 2-Year Research Grant of 
Pusan National University. 



REFERENCES 

1. Prockop DJ. Marrow stromal cells as stem cells for nonhe- 
matopoietic tissues. Science. 1997;276:71-74. 

2. Choi JS, Leem JW, Lee KH, Kim SS, Suh-Kim H, Jung SJ, 
Kim UJ, Lee BH. Effects of human mesenchymal stem cell 
transplantation combined with polymer on functional recovery 
following spinal cord hemisection in rats. Korean J Physiol 
Pharmacol. 2012;16:405-411. 

3. Norambuena GA, Khoury M, Jargensen C. Mesenchymal stem 
cells in osteoarticular pediatric diseases: an update. Pediatr 
Res. 2012;71:452-458. 

4. Pati S, Gerber MH, Menge TD, Wataha KA, Zhao Y, 
Baumgartner JA, Zhao J, Letoumeau PA, Huby MP, Baer LA, 
Salsbury JR, Kozar RA, Wade CE, Walker PA, Dash PK, Cox 
CS Jr, Doursout MF, Holoomb JB. Bone marrow derived 
mesenchymal stem cells inhibit inflammation and preserve 
vascular endothelial integrity in the lungs after hemorrhagic 
shock. PLoS One. 2011;6:e25171. 

5. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno 
H, Alfonso ZC, Eraser JK, Benhaim P, Hedrick MH. Human 
adipose tissue is a source of multipotent stem cells. Mol Biol 
Cell. 2002;13:4279-4295. 

6. Konno M, Hamabe A, Hasegawa S, Ogawa H, Fukusumi T, 
Nishikawa S, Ohta K, Kano Y, Ozaki M, Nt^chi Y, Sakai D, 
Kudoh T, Kawamoto K, Eguchi H, Satoh T, Tanemura M, 
Nagano H, Doki Y, Mori M, Ishii H. Adipose-derived mesen- 
chymal stem cells and regenerative medicine. Dev Growth 
Differ. 2013;55:309-318. 

7. Phinney SD, Stem JS, Burke KE, Tang AB, Miller G, Hohnan 
RT. Human subcutaneous adipose tissue shows site-specific 
differences in fatty acid composition. Am J Clin Nutr. 1994; 
60:725-729. 

8. El-Mrakby HH, Milner RH. Bimodal distribution of the blood 
supply to lower abdominal fat: histological study of the micro- 



296 



JK Song, et al 



circulation of the lower abdominal wall. Ann Plast Surg. 
2003;50:165-170. 
9. Misra A, Garg A, Abate N, Peshock RM, Stray-Gundersen J, 
Grundy SM. Relationship of anterior and posterior subcu- 
taneous abdominal fat to insulin sensitivity in nondiabetic 
men. Obes Res. 1997;5:93-99. 

10. Levi B, James AW, Glotzbadi JP, Wan DC, Commons GW, 
Longaker MT. Depot-specific variation in the osteogenic and 
adipogenic potential of human adipose-derived stromal cells. 
Plast Reconstr Surg. 2010;126:822-834. 

11. Sdiipper BM, Marra KG, Zhang W, Domienberg AD, Rubin JP. 
Regional anatomic and age effects on cell function of human 
adipose-derived stem cells. Ann Plast Surg. 2008;60:538-544. 

12. Clemens MJ, Trayner I, Menaya J. The role of protein kinase 
C isoenzymes in the regulation of cell proliferation and diffe- 
rentiation. J Cell Sci. 1992;103:881-887. 

13. Gallicano GI, Yousef MC, Capoo DG. PKC-a pivotal regulator 
of early development. Bioessays. 1997;19:29-36. 

14. Kim EC, Lee MJ, Shin SY, Seol GH, Han SH, Yee J, Kim C, 
Min SS. Phorbol 12-Myristate 13-Acetate Enhances Long-Term 
Potentiation in the Hippocampus through Activation of Protein 
Kinase 06 and 8. Korean J Physiol Pharmacol. 2013;17:51-56. 

15. McCarty MF. Up-regulation of intracellular signalling path- 
ways may play a central pathogenic role in hypertension, athe- 
rogenesis, insulin resistance, and cancer promotion-the 'PKC 
syndrome'. Med Hypotheses. 1996;46:191-221. 

16. Nakura A, Higucbi C, Yoshida K, Yoshikawa H. PKCff 
suppresses osteoblastic differentiation. Bone. 2011;48:476-484. 

17. Miraoui H, Oudina K, Petite H, Tanimoto Y, Moriyama K, 
Marie PJ. Fibroblast growth factor receptor 2 promotes 
osteogenic differentiation in mesenchymal cells via ERKl/2 and 
protein kinase C signaling. J Biol Chem. 2009;284:4897-4904. 

18. Liu J, Someren E, Mentink A, Lidit R, Decheiing K, van 
Blitterswijk C, de Boer J. The effect of PKC activation and 
inhibition on osteogenic differentiation of human mesenchymal 
stem cells. J Tissue Eng Regen Med. 2010;4:329-339. 

19. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, 
Benhaim P, Lorenz HP, Hedrick MH. Multilineage cells from 
human adipose tissue: impUcations for cell-based therapies. 
Tissue Eng. 2001;7:211-228. 



20. Stucki U, Sdmiid J, Hammerle CF, Lang NP. Temporal and 
local appearance of alkaUne phosphatase activity in early 
stages of guided bone regeneration. A descriptive histochemical 
study in humans. Clin Oral Implants Res. 2001;12:121-127. 

21. Zou L, Zou X, Chen L, Li H, Mj^ind T, Kassem M, Biinger 
C. Multihneage differentiation of porcine bone marrow stromal 
cells associated with specific gene expression pattern. J Orthop 
Res. 2008;26:56-64. 

22. Francesdii RT, Ge C, Xiao G, Roca H, Jiang D. Transcriptional 
regulation of osteoblasts. Cells Tissues Organs. 2009;189:144- 
152. 

23. Pbtemian EE, Taoimina P 2nd, Harvey M, Young LH. Go 6983 
exerts cardioprotective effects in myocardial ischemia/reper- 
fusion. J Cardiovasc Pharmacol. 2004;43:645-656. 

24. Liang D, Yang M, Guo B, Cao J, Yang L, Guo X. Zinc up- 
regulates the expression of osteoprotegerin in mouse oste- 
oblasts MC3T3-E1 through PKC/MAPK pathways. Biol Trace 
Elem Res. 2012;146:340-348. 

25. Richardson JA, Amantea CM, Kianmahd B, Tetradis S, 
Lieberman JR, Hahn TJ, Parhami F. Oxysterol-induced osteo- 
blastic differentiation of pluripotent mesenchymal cells is medi- 
ated through a PKC- and PKA-dependent pathway. J Cell 
Biochem. 2007;100:1131-1145. 

26. Fleming I, MacKenzie SJ, Vernon RG, Anderson NG, Houslay 
MD, Kilgcur E. Protein kinase C isoforms play differential roles 
in the regulation of adipocyte differentiation. Biochem J. 1998; 
333:719-727. 

27. Webb PR, Dciyle C, Anderson NG. Protein kinase C-epsilon 
promotes adipogenic commitment and is essential for terminal 
differentiation of 3T3-F442A preadipocytes. Cell Mol Life Sci. 
2003;60:1504-1512. 

28. Artemenko Y, Gagnon A, Aubin D, Sorislgr A. Anti-adipogenic 
effect of PDGF is reversed by PKC inhibition. J Cell Physiol. 
2005;204:646-653. 

29. Zhou Y, Wang D, Li F, Shi J, Song J. Different roles of protein 
kinase C-betal and -delta in the regulation of adipocyte 
differentiation. Int J Biochem Cell Biol. 2006;38:2151-2163. 

30. Park El, Patel AN. PKC-delta induces cardiomyogenic gene 
expression in human adipose-derived stem cells. Biochem Bio- 
phys Res Commun. 2010;393:582-586. 



